A lthough randomized clinical trials are the ideal study design used to assess the effect of a treatment on disease, researchers often need to study an exposure to which patients cannot be randomly assigned, e.g., potentially harmful exposures, such as cigarette smoking or delirium in an intensive care unit (ICU) patient. Thus, observational cohort studies remain an important method for evaluating associations between exposure variables (whether risk factors or treatments) and clinical outcomes (1) . Determining the true relationship between an exposure and outcome within an observational study, however, is challenging and precarious. Results are often biased by multiple factors including confounding and selection bias.
One challenge in such studies that is frequently encountered but often improperly managed is the analysis of exposure variables whose status can change during the follow-up period (i.e., timevarying or time-dependent variables) (2) . For example, in a study of patients with chronic obstructive pulmonary disease, corticosteroid use may be a time-varying exposure; a patient may begin the study as a nonuser but become a user during the follow-up period. An analysis that categorizes the exposure variable according to its final status rather than considering the timing of the change in status can create bias. Patients who experience an early outcome (e.g., a patient with chronic obstructive pulmonary disease who dies early during follow-up) are more likely to be categorized as unexposed (i.e., nonusers of steroids) than patients who do not experience an early outcome because the former had less opportunity for exposure. Such patients will Objectives: To examine the bias introduced by using time-fixed methodology to analyze the effects of a time-varying exposure incurred in the intensive care unit.
Design: Prospective cohort and Monte Carlo simulation studies.
Setting: Medical and coronary intensive care units in a university hospital.
Patients: A total of 224 mechanically ventilated patients. Methods: Part I was a case study analyzing the association between delirium in the intensive care unit (exposure variable) and outcomes (intensive care unit length of stay and 6-mo mortality) in a prospective cohort study. Part II was a Monte Carlo simulation generating 16,000 data sets wherein the true associations between delirium and outcomes were known before analysis. In both parts, we assessed associations between delirium in the intensive care unit and outcomes (intensive care unit length of stay and mortality), using time-fixed vs. time-varying Cox regression methodology.
Measurements and Main Results: In the case study, delirium analyzed as a time-fixed variable was associated with a delayed intensive care unit discharge (adjusted hazard ratio ‫؍‬ 1.9, 95% confidence interval, 1.3-2.7, p < .001), but no association was noted using a time-varying method (adjusted hazard ratio ‫؍‬ 1.1, 95% confidence interval ‫؍‬ 0.7-1.6, p ‫؍‬ .70). Alternatively, delirium analyzed as a time-fixed variable was not associated with 6-mo mortality (adjusted hazard ratio ‫؍‬ 2.9, 95% confidence interval, 0.9 -5.0, p ‫؍‬ .09), whereas delirium analyzed as a time-varying variable was associated with increased mortality (adjusted hazard ratio ‫؍‬ 3.2, 95% confidence interval, 1.4 -7.7, p ‫؍‬ .008). In the simulation study, time-fixed methods produced erroneous results in 97.1% of the data sets with no true association; time-varying methods produced erroneous results in only 3.7%. Similarly, time-fixed methods produced biased results when a true association was present, whereas time-varying methods produced accurate results. contribute worse outcomes to the nonuser group, thereby artificially inflating the benefit of the exposure. A survival analysis of the association between corticosteroid use in chronic obstructive pulmonary disease that does not consider the exposure variable as a time-varying factor yields erroneous results due to such misclassification of the exposure variable and resultant "immortal time bias" (3). Immortal time is the period of time before initiation of treatment (i.e., change in exposure status to corticosteroid user). In time-fixed analyses, this period of time is associated inappropriately with the treatment (or exposure), even though the treatment had not yet started. This period is called "immortal time" because the subject could not have died before receiving the treatment (and still be classified in the treatment group). Immortal time bias has also been termed "time-dependent bias" (2) or "survivor treatment selection bias" because longer survival provides a greater opportunity to be selected for treatment (4, 5) .
Conclusions: Studies using a time-fixed analytic approach to understand relationships between exposures and clinical outcomes can result in considerable bias when the variables overlap
Although examples of time-varying exposures are common in the medical literature, appropriate analysis of such variables is uncommon. A recent systematic review estimated that nearly one in every ten observational studies that used survival analysis was susceptible to immortal time bias (2) . Such bias is not limited to survival analyses but may affect any analysis that applies a time-fixed definition to an exposure that actually varies over time. Importantly, conclusions based on biased analyses of time-varying exposures (e.g., regarding the efficacy of treatment with drugs or procedures as well as outcomes associated with acute or chronic illnesses) can misinform researchers and clinicians alike, potentially resulting in inappropriate allocation of resources, inflation of medical costs, and even direct harm to patients.
In this two-part investigation, we sought to describe and quantify the bias introduced by using time-fixed methods to analyze effects of a time-dependent exposure variable. We first conducted a case study, drawing on a prospective cohort study of mechanically ventilated ICU patients to analyze associations between a time-varying exposure variable (ICU delirium) and outcomes (length of stay and mortality), using both time-fixed and time-varying methods of analysis. Next, we objectively quantified the bias introduced by time-fixed analyses of these as-sociations (i.e., immortal time bias), using a Monte Carlo simulation study.
CASE STUDY METHODS
To determine whether immortal time bias can influence the results of a prospective observational study and to describe the bias if observed, we analyzed the association between delirium and two outcomes (ICU length of stay and 6-mo mortality) in a cohort of mechanically ventilated medical ICU patients, using both time-fixed and time-varying methods. Delirium, the exposure variable of interest, can occur at any time during the ICU stay; it is a time-varying exposure. Thus, we hypothesized that a time-fixed analysis would conclude that delirium is associated with prolonged stays in the ICU (because patients with longer ICU stays have the greatest opportunity to develop delirium), whereas time-varying analysis would show that no such association exists. Also, we hypothesized that a time-fixed analysis would underestimate the association between delirium and mortality because the sickest patients would be most likely to die early during their critical illness (with less opportunity to develop delirium) and because time-fixed methods would inappropriately add survival time to the delirious group by considering the period of follow-up before delirium onset to be a result of the delirium.
The cohort consisted of 275 adult, mechanically ventilated patients admitted to the medical or coronary ICUs at Vanderbilt University Medical Center between February 2000 and May 2001. As described previously (6) , all patients were prospectively enrolled and evaluated daily for delirium, using the Confusion Assessment Method for the ICU (7, 8) . Fifty-one patients who died were never evaluated for delirium due to persistent coma. The remaining 224 patients were analyzed as described herein. Length of stay in the ICU and 6-mo mortality were determined prospectively for all patients.
In the time-fixed analyses, patients were classified according to presence or absence of the exposure variable during the study period, i.e., each patient was grouped into an "ever delirious" group or a "never delirious" group. To evaluate the effect of delirium on ICU length of stay, we used time-to-event analyses with discharge from the ICU being the event.
Patients were censored at time of death. To evaluate the effect of delirium on 6-mo mortality, we also used time-toevent analyses, but death within 6 mos of enrollment was the event and patients were censored if they were lost to follow-up or alive at 6 mos. Median and interquartile range of time to ICU discharge or death were obtained via Kaplan-Meier analyses, and a log-rank test was used to assess the effect of delirium. Additionally, Cox proportional hazards regression was used to evaluate the effect of delirium as a time-fixed exposure on the clinical outcomes after adjustment for the following a priori chosen covariates: age, severity of illness (measured by the Acute Physiology and Chronic Health Evaluation II score), comorbid illnesses (measured by the Charlson Comorbidity Index), coma (as time-dependent covariate), and treatment with sedative and analgesic medications (lorazepam, propofol, morphine, and fentanyl).
In the time-varying analyses, all patients were considered unexposed (i.e., without delirium) from the time of study entry until the onset of delirium, defined as the first day delirium was diagnosed, using the Confusion Assessment Method for the ICU. Patients who developed delirium were considered delirious from the time of delirium onset until the outcome of interest occurred or they were censored, whichever occurred first. To graphically display this definition of exposure and compare it with that used in the time-fixed method, we created event history graphs (9), using the data from ten randomly selected patients. Event history graphs can overlay the actual shift of time-varying exposure status within a subject in Kaplan-Meier curves. Because no formal statistical inferences can be made using event history graphs, however, we also graphed survival functions, using the method introduced by Simon and Makuch (10), who modified Kaplan-Meier survival curves to account for timevarying exposures and compared them using the method of Mantel and Byar (11) . When using the standard Kaplan-Meier method to create survival curves, exposure status for each patient is fixed for the entire period of follow-up. The Simon-Makuch method, alternatively, can graphically represent survival curves for time-dependent exposure variables. We used the log-rank test to assess the effect of delirium. Finally, Cox proportional hazards regression was used to evaluate the association between delirium as a time-varying exposure and the outcomes after adjustment for the previously listed covariates.
The inverse of each hazard ratio (HR) for the analyses of ICU length of stay is reported to facilitate comparisons and graphical display; an HR Ͼ1 indicates that delirium is associated with delayed ICU discharge. Alternatively, the HRs for the analyses of mortality are reported without modification; an HR Ͼ1 indicates that delirium is associated with increased mortality. We used SAS version 9.0 (SAS Institutes, Cary, NC) and R version 2.6.0 (www.r-project.org) (12) for the statistical analyses conducted in the case study.
CASE STUDY RESULTS
As previously reported (6) , 183 of 224 patients (82%) studied developed ICU delirium. The median time (interquartile range) to delirium onset was 2 days (1, 3) from ICU admission. Twenty-eight patients (13%) died in the ICU.
The event history graphs in Figure 1 indicate exposure status before ICU discharge or death, whichever came first, for ten randomly selected patients according to a time-fixed ( Fig. 1A) or time-varying ( Fig. 1B ) method of analysis. Figure 1A suggests that patients without delirium are likely to be discharged early, whereas patients with delirium seem to have longer ICU stays. Figure 1B , revealing that some patients who ultimately develop delirium do not do so until later in their ICU course, does not suggest an association between delirium and delayed discharge from the ICU. That is, normal neurologic status (as indicated by the light gray bars) is not exclusively experienced by patients who are discharged early, and delirium (as indicated by the dark bars) is not exclusively experienced by patients who have delayed discharge.
The Kaplan-Meier curves in Figure 2A , created using a time-fixed definition of exposure, suggest that delirium is associated with delayed discharge from the ICU (p Ͻ .0001). The curves in Figure 2B , alternatively, which are modified to reflect the time-varying nature of the exposure, show that delirium does not prolong the period of time spent in the ICU (p ϭ .97). Similarly, Cox proportional hazards regression found a significant association between delirium as a time-fixed exposure and time to ICU discharge; the adjusted HR was 1.9 (95% confidence interval [CI], 1.3-2.7; p Ͻ .001), using the time-fixed method. No association was found, however, between delirium and time to ICU discharge (adjusted (10), one curve (solid black) represents patients with delirium on any given study day, and the other curve (dashed gray) represents those without delirium on each study day. Because exposure status changes during follow-up, the number of patients represented by the delirium curve can increase (at delirium onset) or decrease (at ICU discharge or death) as the curve moves from left to right on the x-axis. These Kaplan-Meier curves show that delirium analyzed as a time-varying exposure is not associated with ICU length of stay (B) but is strongly associated with 6-mo mortality (D).
HR ϭ 1.1; 95% CI, 0.7-1.6; p ϭ .70), using the time-varying method of analysis. Both sets of Kaplan-Meier curves with mortality as the outcome (Fig. 2C uses a time-fixed method and Fig. 2D considers delirium a time-varying exposure) suggest that delirium is associated with an increase in 6-mo mortality, but the timefixed method underestimates the strength of this association (p ϭ .03) compared with the time-varying method (p Ͻ .01). After adjustment for covariates, Cox proportional hazards regression failed to find an association between delirium as a time-fixed exposure and 6-mo mortality (adjusted HR ϭ 2.9; 95% CI, 0.9 -5.0; p ϭ .09), but a strong association was found between delirium and 6-mo mortality (adjusted HR ϭ 3.2, 95% CI, 1.4 -7.7, p ϭ .008), using Cox proportional hazards regression with timevarying covariates.
MONTE CARLO SIMULATION STUDY METHODS
Although the analyses conducted in the case study demonstrate that contradictory results can be obtained when different analytical methods are applied to an observational study with a timedependent exposure, these analyses are limited for two reasons. First, the magnitude of the probable bias introduced by time-fixed analysis of such data cannot be estimated because the study analyzed is but one example (i.e., one sample of the true population of ICU patients at risk for delirium and the outcomes potentially associated with it). Second-perhaps more importantly-the true association between exposure and outcomes (in this case, between ICU delirium and two clinical outcomes, length of stay in the ICU and mortality) is not known apart from the inferences made by our statistical analyses. Thus, if the reader does not trust that the results of the time-varying methods of analysis are valid compared with those of the time-fixed analysis, the results of the case study may be disregarded.
To address these limitations, we conducted a computer simulation study in which both time-fixed and time-varying methods were used to analyze numerous data sets in which the associations between exposure and outcomes were predetermined for the population, but each individual patient's data were generated randomly within known distributions. Because these data sets were computer-generated simula-tions, the associations between ICU delirium and the clinical outcomes of interest were known before analysis, and we were able to compare the results given by timefixed and time-varying methods of analysis to the known true associations. This type of simulation study-known as a Monte Carlo simulation-is well validated and frequently used in a variety of research settings (13) (14) (15) (16) (17) .
We generated data sets to reflect four different clinical scenarios: 1) delirium is not associated with ICU length of stay (i.e., HR ϭ 1.0); 2) delirium is associated with ICU length of stay (HR ϭ 2.0); 3) delirium is not associated with ICU mortality (HR ϭ 1.0); and 4) delirium is associated with ICU mortality (HR ϭ 2.0). For each scenario, we created four groups of 1000 data sets (every data set included 224 simulated patients) to examine the impact of different baseline delirium prevalence rates (20%, 40%, 60%, and 80% of patients delirious at baseline) on the bias that might be introduced by ignoring the time-varying nature of ICU delirium. Thus, a total of 16 groups of 1000 data sets were generated (4 clinical scenarios ϫ 4 delirium prevalence rates).
For each group of 1000 simulated data sets, we determined an HR for the association between delirium and outcome (ICU length of stay or time to death in the ICU), using two Cox proportional hazards regression models-one in which delirium was a time-fixed variable and one in which it was a time-varying variableadjusting for coma as a potential confounder. In analyses using length of stay as the outcome, patients were censored at time of death; in those using mortality as the outcome, patients were censored if they were lost to follow-up or alive at the time of ICU discharge. Each group of 1000 HRs generated from the time-fixed analyses were ranked, and the 50 th , 2.5 th , and 97.5 th percentile HRs were identified as representing the point estimate and 95% CI of the true HR based on the time-fixed analyses. The same was done for each group of 1000 HRs generated from the time-varying analyses. As in Part I, the inverse of each HR from analyses of ICU length of stay is reported; an HR of Ͼ1 indicates that delirium is associated with delayed ICU discharge or with increased mortality. Figure 3 . Line graphs showing the relationships between delirium prevalence rates and the magnitude of the associations (expressed as hazard ratios) between delirium and clinical outcomes, according to method of analysis. These graphs display the results of the Monte Carlo simulation study, in which simulated data sets were generated to reflect four scenarios: A, delirium is not associated with intensive care unit (ICU) length of stay (hazard ratio [HR] ϭ 1.0); B, delirium is associated with ICU length of stay (HR ϭ 2.0); C, delirium is not associated with ICU mortality (HR ϭ 1.0); and D, delirium is associated with ICU mortality (HR ϭ 2.0). For each scenario, the association between delirium at varying prevalence rates and outcome (ICU length of stay or ICU mortality) was analyzed, using two Cox proportional hazards regression models-one in which delirium was a time-fixed variable (gray lines) and one in which it was a time-varying variable (black lines)-adjusting for coma. For all graphs, solid horizontal lines represent HRs, and dashed horizontal lines represent corresponding 95% confidence intervals.
We used R version 2.6.0 (www.rproject.org) (12) for all statistical analyses conducted for the Monte Carlo simulation study.
MONTE CARLO SIMULATION STUDY RESULTS
The results at the analyses of the simulated data sets, summarized in Figure 3 , confirmed that the time-varying methods produce valid results, whereas the timefixed methods produced biased results.
Using time-fixed methods to analyze scenario 1 (Fig. 3A) , in which delirium was known to have no association with ICU length of stay (HR ϭ 1.0), delirium was erroneously found to be associated with delayed ICU discharge (HR Ͼ1.0, p Ͻ .05) in 98.8% of the 4000 simulated data sets. The median HRs were 4.3 (95% CI, 2.8 -6.8; 100% of p Ͻ .05), 3.8 (95% CI, 2.4 -6.3; 100% of p Ͻ .05), 3.5 (95% CI, 1.9 -7.1; 99.8% of p Ͻ .05), and 3.6 (95% CI, 1.6 -8.7; 95.5% of p Ͻ .05) when baseline delirium prevalence rates were 20%, 40%, 60%, and 80%, respectively. Thus, in populations where delirium occurs less frequently, the bias that results from a time-fixed analysis of a time-varying exposure is more inflated. Using time-varying methods to analyze scenario 1, the null hypothesis was correctly detected regardless of the frequency of delirium. The median HRs were 1.1 (95% CI, 0.7-1.6; 6.6% of p Ͻ .05), 1.1 (95% CI, 0.7-1.6; 6.0% of p Ͻ .05), 1.1 (95% CI, 0.6 -1.7; 6.3% of p Ͻ .05), and 1.0 (95% CI, 0.6 -1.9; 4.9% of p Ͻ .05) when initial delirium prevalence rates were 20%, 40%, 60%, and 80%, respectively.
Analyses of scenario 2 (Fig. 3B ), in which delirium was known to be associated with an increased ICU length of stay (HR ϭ 2.0), revealed that time-fixed methods produced biased results (overestimating the association in question) even when the association in question truly existed, and time-varying methods produced accurate results. As with scenario 1, the magnitude of bias introduced by time-fixed methods was greatest when delirium was not common at baseline.
As shown in Figures 3C and 3D , the directionality of the bias introduced by the time-fixed method is reversed when the association being analyzed is one of harm (e.g., death) rather than benefit (e.g., ICU discharge). Specifically, using time-fixed methods to analyze scenario 3 (Fig. 3C ), in which delirium was known to have no association with ICU mortality (HR ϭ 1.0), delirium was found erroneously to be associated with a reduction in ICU mortality (HR Ͻ1.0, p Ͻ .05) in 95.4% of the 4000 simulated datasets. Thus, time-fixed methods underestimated the occurrence of a harmful outcome (death), whereas they overestimated the occurrence of a beneficial outcome (discharge). Alternatively, timevarying methods correctly analyzed scenario 3, consistently determining that delirium was not associated with ICU mortality.
Analyses of scenario 4 (Fig. 3D ), in which delirium was known to be associated with an increase in ICU mortality (HR ϭ 2.0), found that time-fixed methods produced biased results when the association in question truly existed (underestimating the association with the harmful outcome). Time-varying methods, on the other hand, produced accurate results.
DISCUSSION
In this investigation, we have used the example of delirium in the ICU as a template to expose and quantify the bias that can result from inappropriately analyzing the relationships between time-varying exposures and clinical outcomes in an observational cohort study, using timefixed methods of analysis rather than time-varying techniques. The main findings (Table 1 ) of this investigation were that time-fixed methods of analysis (using both real and simulated data) erroneously found ICU delirium to be associated with delayed discharge from the ICU and-perhaps more importantly-not associated with mortality (and, in some cases, associated with reduced mortality). Alternatively, a method of analysis that accounted for the time-varying nature of the delirium exposure correctly estimated that there was no association between delirium and length of stay in the ICU but a strong association with increased mortality.
Statisticians and other investigators have stressed the importance of appropriate analysis of time-dependent variables (2-5, 18, 19) , but observational studies that are potentially biased by time-fixed analyses continue to abound in the literature. Numerous examples can be found in the field of critical care research alone, including studies of complications that develop in the ICU, such as delirium (20, 21) , ventilator-associated pneumonia (22) , other infectious complications (23) , and acute renal failure (24) , as well as observational studies of treatments administered in the ICU, e.g., haloperidol (25) , intensive insulin therapy (26) , and tracheostomy (27) . In these and other similar studies, the period of potential exposure often overlaps with the period of time during which the outcome of interest occurs, creating the possibility of immortal time bias. Whether analyzed with time-fixed Cox regression or other timefixed methods (e.g., linear regression to analyze length of stay and logistic regression to analyze mortality), bias is introduced quickly when time-varying exposures are analyzed as time-fixed variables. We also assessed the impact of immortal time bias resulting from analyses of length of stay using linear regression and mortality using logistic regression in our simulated data sets, and the results were similar to those generated using Cox regression with time-fixed covariates.
The biased results that are generated when using the wrong statistical approach in such circumstances are avoidable, as several statistical methods are available that can account for the time- HR, hazard ratio; CI, confidence interval; ICU, intensive care unit. a Cox proportional hazards regression with delirium as a time-fixed or time-varying exposure, with adjustment for age, severity of illness, comorbid illnesses, coma (as time-dependent covariate), and treatment with sedative and analgesic medications (lorazepam, propofol, morphine, and fentanyl). b Results produced by the time-varying method are known to be accurate because of the results of the Monte Carlo simulation study, wherein the true associations were known before analysis.
varying nature of some exposure variables, including Cox proportional hazards regression with time-varying covariates (28, 29) , modified Kaplan-Meier survival functions (10, 11, 30) , and Poisson regression (31) . We chose to use Cox regression in the current investigation because Cox regression is more flexible than Poisson regression. In Cox regression, the hazard of an outcome may change over time as long as the HR remains constant (per the proportional hazards assumption); in Poisson regression, hazards must be constant over time. We did analyze the simulated data sets created in this investigation using Poisson regression, and the results mirrored those produced by Cox regression with time-varying covariates.
Barriers to the use of time-varying methods of analysis have not been formally studied, but several possible explanations warrant discussion. Many investigators may be unaware of immortal time bias or may not know of the availability of statistical methods that can account for time-varying variables. Some statistical software packages cannot perform time-varying methods of analysis; others can, including R, SAS, SPSS (SPSS, Chicago, IL) and Stata (Stata Corp, College Station, TX). Currently, there are few packages (e.g., Stata and R) that can create modified Kaplan-Meier curves, such as those presented in this investigation. This may explain why, from the time they described their method in 1984 through 2006, to our knowledge Simon and Makuch's original publication (10) has only been cited 54 times.
Even when time-fixed methods of analysis are used, immortal time bias can be avoided through the use of an appropriate study design. For example, Pittet et al (32) , examined the effects of nosocomial bloodstream infection among critically ill patients in a matched cohort study and dealt with immortal time bias by using proper controls; each patient with a bloodstream infection was matched to a control patient according to the number of days spent in the ICU before the onset of the bloodstream infection, and the remaining days in ICU were used as the outcome. Although it avoids immortal time bias, this design results in a loss of statistical power because a large portion of potential control patients are not included.
Our investigation is the first, using Monte Carlo simulation, to describe the potential magnitude of immortal time bias in ICU studies. We demonstrate that inappropriate analyses of a time-varying exposure can result in an over-or underestimation of important associations between exposures in the ICU and clinical outcomes. Our findings can apply to many scenarios in which patients are at risk for both the exposure and the outcome during the same period of time. Immortal time bias has previously been discussed in the context of survival analyses (3) (4) (5) with the outcome being time to death. Austin et al (3), for example, used Monte Carlo simulations to analyze the effect of a treatment on survival and showed that immortal time bias (or survivor treatment selection bias) increased as the time required for exposed patients to receive treatment increased. In this article, we have extended the discussion to another important outcome, length of stay, and used simulations to confirm that time-varying methodology is critically important when analyzing a timevarying exposure that occurs frequently in the ICU.
Several limitations of the current study warrant discussion. First, our simulated data were intended to mimic an ICU cohort, and they may not reflect the nature of other clinical scenarios in which the overlap between periods of potential exposure and occurrence of the outcome is different. Austin et al (5) examined variations in the magnitude of immortal time bias with changes in the percentage of the study period during which patients are at risk for both exposure and outcome, but more exhaustive simulation studies would be necessary to determine the magnitude of bias introduced as the risk for exposure varies over time, e.g., if the risk of delirium is higher early in the ICU stay than later in the ICU stay.
Also, our study did not include analyses of interactions with other important exposures. For example, additional analyses that are beyond the scope of this article show that previous mental status interacts with the effect of delirium on length of stay; delirium that develops in patients previously comatose (the situation for most patients in our case study) does not delay ICU discharge, but delirium that develops in patients with a normal mental status does delay ICU discharge. Thus, in an ICU patient population that is not heavily sedated (i.e., has a low prevalence of coma), it is likely that delirium would be associated with prolongation of ICU length of stay. Finally, although our simulation involves multiple scenarios, our case study only examines immortal time bias within the context of one type of exposure (a truly harmful one, in this case). Because timefixed methods inappropriately consider the period of follow-up before exposure to be a result of the exposure (thereby adding immortal time to the outcome of an exposed patient), immortal time bias will underestimate a true association with mortality. If the exposure is truly beneficial or is neither harmful nor beneficial (e.g., a drug or other treatment), immortal time bias will overestimate the association with mortality.
In conclusion, failure to account properly for the time-varying nature of an exposure variable can have severe consequences, resulting in profoundly biased study results. Statistical methods that properly account for time-varying exposures, such as time-dependent Cox regression and Simon and Makuch's modified Kaplan-Meier curves, can easily be implemented in commercial statistical software package such as Stata (Stata Corp) and R (www.r-project.org). Clinicians reading results of cohort studies should also check methods sections of articles to ensure that appropriate timevarying analytical techniques have been used to avoid immortal time bias.
